Cancer is a growth process and it is natural that we should be concerned with how the routinely used marker of prostate cancer tumour burden -PSA -changes over time. Such change is measured by PSA velocity or PSA doubling time, described in general as ''PSA kinetics''. However, it turns out that calculation of PSA velocity and doubling time is far from straightforward. More than 20 different methods have been proposed, and many of these give quite divergent results. There is clear evidence that PSA kinetics are critical for understanding prognosis in advanced or relapsed prostate cancer. However, PSA kinetics have no value for men with an untreated prostate: neither PSA velocity nor doubling time have any role in diagnosing prostate cancer or providing a prognosis for men before treatment.
Introduction
Cancer is a growth process and it is natural that we should be concerned with how measures of tumour burden change. An obvious example would be tumour response, a ubiquitous concept in research and clinical care for advanced cancer. After a patient is treated with an agent and then scanned, we are interested not in the absolute size of a tumour, but whether it grew or shrank in response to treatment. In the case of prostate cancer, we rely strongly on prostate-specific antigen (PSA) as a marker; it makes sense that our focus should similarly be not so much on absolute PSA level, but on how this has changed over time.
Change in PSA over time is formalised in the concepts of PSA velocity and PSA doubling time. PSA velocity is given in ng/ml/year and can be thought of as a prediction: for example, a patient with a current PSA of 2 ng/ml and a PSA velocity of 0.5 ng/ml/year would be expected to have a PSA of 2.5 ng/ml in 12 months time. PSA doubling time is the number of months it would take for PSA to increase two-fold. The PSA doubling time of our example patient would therefore be 48 months. For patients with relatively constant PSA, such as a change from 6 to 6.1 ng/ml over the course of a year, doubling time becomes rather unstable and such patients are normally categorized in terms of ''doubling time > 10 years'' or similar.
In this paper, we will review data on the value of PSA velocity and doubling time, which when considered together are termed ''PSA kinetics''. We will make three points. First, calculation of PSA velocity and doubling time is far from straightforward, with wide variation between different methods. Second, PSA kinetics are critical for understanding prognosis in advanced or relapsed prostate cancer. Third, PSA kinetics have no value for men with an untreated prostate; neither PSA velocity nor doubling time have any role in diagnosing prostate cancer or providing a prognosis for men before treatment.
Calculating PSA kinetics
Although conceptually simple, PSA velocity and doubling time can pose considerable challenges in practical application. For example, take two patients with yearly PSAs of 1, 1.9, 2.0 and 2.1 vs. 1, 1.3, 1.7 and 2.1. The approach widely used in clinical practice is simply to ignore the middle values and subtract the initial value from the final value, dividing by time. This would give both patients a PSA velocity of 0.37 ng/ml/year, something which does not seem to reflect rather different PSA
histories. An alternative would be to conduct what is known as ''ordinary least squares regression''; in simple terms, a line of best fit. This gives PSA velocities of 0.34 and 0.37 ng/ml/year, and therefore does seem to reflect a clinical intuition that the second patient is more likely to have a higher PSA in a year's time. Note, however, that a regression is not simple to conduct in routine practice as it involves a complex mathematical calculation.
But now imagine that the second patient had a 10-year history with annual PSAs of 0.5, 0.55, 0.6, 0.65, 0.7, 0.8 and 0.9, before those given above. In this case, the PSA velocity from ordinary least squares regression is 0.14 ng/ml/year. As this is somewhat lower than what we might expect, it would seem prudent to have a rule for the period of time over which PSA is measured, excluding PSA measures taken many years before. Alternatively, it has been suggested that PSA values be logarithmically transformed before analysis.
Yet even these approaches would be incomplete. Assume that we insisted only the most recent 3 years of PSA were analysed, but that the patient had additional PSAs of 1.8 and 2 in the months preceding the final PSA of 2.1. The estimate of PSA velocity is now 0.34 compared to 0.37 ng/ml. One view is that PSAs measured close together constitute statistical ''noise'' and that, as such, a certain minimum period is required between PSA measures. Similarly, consider a patient who had just two PSAs 1.8 and 2.1, measured 6 months apart. It would seem rather unsound to claim that the patient had a PSA velocity of 0.6 ng/ml/year. So a sensible additional requirement might be that at least three PSAs are required over a minimum total length of time.
It should become obvious that it is possible to construct a number of different definitions for PSA kinetics, with different methods of calculation (e.g. log transformed or not) and eligible PSAs (how many, over what period of time, with what minimum time period between measures). For example, the ''MSKCC'' method calculates a regression slope on the basis of all PSA values taken; the ''Thompson'' method log transforms PSA before calculating the slope and only includes PSAs within 3 years; the ''Sengupta'' definition is based on untransformed PSAs within 2 years, but also specifies that PSA measures have to be at least 3 months apart; the method of ''Smith'' involves log transformation and the specification that at least three PSAs have to be taken at least 4 months apart [1] . As a result, it is not untypical for researchers to examine 5 or 10 different definitions of PSA kinetics in a research study [2, 3] . In the most exhaustive study of its type, O'Brien and colleagues identified no fewer than 22 different definitions of PSA velocity and doubling time. Applying these different definitions to a data set led to some interesting findings. First, for many definitions, PSA velocity cannot be calculated for a significant proportion of patients. As an example, take the case of a man who has a PSA test at, say, age 57, then again at 61, where an elevated value led to biopsy and diagnosis. Because the Smith definition requires at least 3 PSA values, it could not be applied to this man. Indeed, O'Brien found that PSA velocity according to Smith could be calculated for fewer than half of men presenting at a major cancer centre [1] . The second major finding of the O'Brien papers is that values of PSA kinetics can vary widely between different definitions. For example, one man in the data set has PSA velocities of 0.27, 0.76, 1.47, 2.64 and 32.0 ng/ml/year for each of five different definitions.
Remarkably, the O'Brien papers actually underestimate the complexity and variety of PSA kinetic algorithms. This is because new methods are developed every year. One novel approach is the ''risk count'' method: PSA velocity is recalculated for every historical PSA value and the number of times that PSA velocity exceeds a certain threshold calculated [4] . Ketterman et al. have developed an even more complex algorithm for determining whether a man in a screening program should undergo biopsy [5] . In brief, each time a PSA level is obtained, the physician conducts ''a linear regression of PSA and log PSA on time using the first three measures, and separately at each measure beyond the third PSA measure (using all previous data)''. Following this, the physician should compare R 2 statistics to determine if the patient has reached a transition point. If so, the physician would calculate the ''derivative of the linear regression of log PSA on time to obtain the PSA [velocity]''. It strains credibility to think that such an algorithm could be implemented in clinical practice, especially given that the supporting evidence is rather weak: the algorithm was one of five attempted on a data set with 11 events.
PSA kinetics in relapsed or advanced prostate cancer
Prostate cancer patients treated by surgery or radiotherapy typically experience a decrease in PSA to a stable nadir. If PSA subsequently rises, the patient is said to have relapsed. Various investigators have examined whether the rate of this PSA rise is prognostic. Indeed, one of the first references to PSA doubling time was in a paper examining PSA changes at relapse [6] .
An early indication that PSA kinetics at relapse predicted subsequent mortality included 94 patients with recurrence after radiotherapy. The risk of prostate cancer death within five-years of relapse was 50% for patients with a PSA doubling time of 12 months or less compared to 10% for patients with a doubling time greater than 12 months [7] . Other authors have clearly demonstrated that PSA doubling time adds information to other available predictors. Pound et al. created an algorithm for calculating risk of metastasis after relapse following radical prostatectomy. For patients with Gleason less than 8, though not for those with Gleason 8+, PSA doubling time strongly separated risk of subsequent metastasis, even after adjusting for time between surgery and relapse [8] . Freedland et al. similarly reported that PSA doubling time has a very strong influence on the risk of cancer-specific death after relapse in surgical patients. In a multivariable model, doubling times <3 months and 3-8.9 months were associated with hazard ratios of 25 and 8 respectively; in comparison, the hazard ratio for a high Gleason score was 1.35 [9] . PSA doubling time has now been incorporated into predictive models for use at the time of relapse [10, 11] .
There is also evidence that PSA kinetics can be of benefit for making treatment decisions after relapse. In a cohort of over 1000 men with relapse after radical prostatectomy, Moul et al. analysed the risk of metastasis for patients receiving early compared to delayed androgen deprivation therapy. Early treatment was only found to be more effective in high risk patients, defined in terms of either Gleason grade or short PSA doubling time [12] .
The relationship between PSA kinetics and disease progression in patients with metastatic and castrate-resistant prostate cancer is less clear than at the time of relapse. Still, a preponderance of data suggests that a short doubling time is associated with a poorer prognosis in patients with castration-resistant prostate cancer. In a typical study, PSA doubling time was analysed for 250 patients on chemotherapy. Median survival was 16.5 months in patients with a doubling time lower than the median (45 days) compared to 26 months for patients with longer doubling times [13] . Similar findings have been reported by other investigators [14] although in some cases, the association between doubling time and survival has been relatively modest [15] .
PSA kinetics in men with an untreated prostate
It has been suggested that PSA velocity and doubling time are of value for diagnosis and prognosis in men before prostate cancer treatment. This includes long-term prediction of the future risk of prostate cancer [16] ; indication for biopsy [17] ; eligibility for active surveillance [18] ; monitoring of patients on active surveillance [19] ; risk of recurrence after initial treatment [20] and risk of lethal cancer after curative treatment [21] . Proponents of PSA velocity make practice-altering clinical recommendations; for example, men without an elevated PSA or a positive DRE should undergo biopsy if PSA velocity is high [22] , or that men with low risk cancer should receive immediate curative treatment if they have recently experienced a recent large rise in PSA [18] .
The evidence for these claims is surprisingly weak. For example, to uphold claims that men with a low PSA/normal DRE should be biopsied if they have a high PSA velocity, we would require evidence that, for an important proportion of such men, cancer would become incurable if biopsy were delayed until PSA rose above a cut-point, such as 4 ng/ml. In its absence, we might request data on the results of biopsies driven by high PSA velocity without other indications. But neither type of study is cited by advocates of PSA velocity. Instead, the recommendation to biopsy on the basis of PSA velocity is based on a single cohort, the Baltimore Longitudinal Study of Aging (BLSA). An initial paper found a correlation between changes in PSA and prostate cancer diagnosed 7-25 years subsequently [23] ; in particular, almost all men who subsequently developed cancer had a PSA velocity >0.75 ng/ml/year. A later study correlated PSA changes and the development of subsequent fatal disease [16] . It is not at all obvious that an inflated long-term risk of aggressive cancer indicates immediate biopsy.
Furthermore, there are serious problems with the BLSA study. First, the authors stated that a cutpoint PSA velocity of 0.35 ng/ml/year distinguished lethal prostate cancer, and this later hardened into a recommendation in guidelines to biopsy such men [22] . However, the cut-point was not chosen on the basis of an analysis of clinical consequences, but on a visual inspection of the receiver-operatingcharacteristics curve: ''0.35 ng/ml/year could be one reasonable choice -among others -to balance sensitivity and specificity for detection of life threatening cancer''. Second, the conclusions were based on a rather small number of events, 18 prostate cancer cases in the first paper, 20 cancer deaths in the second. This is a particular problem because it makes it difficult to determine whether PSA velocity adds information to PSA alone. This is an absolutely critical question. The clinician has a PSA level in front of them: should they act on the basis of the PSA level or look up past PSAs and then undertake what can be a complex calculation?
By way of analogy, tall players generally have an advantage at basketball, and they also tend to have large feet. This creates a statistical association between shoe size and basketball ability. However, it would be odd to claim on these grounds alone that a school basketball coach should start measuring shoe size before choosing a squad; it would need to be shown that shoe size is able to predict basketball ability over and above height. In statistical terms, predictions are assessed in terms of a concordance index -in some cases, described as an ''area-under-the-curve'' -which ranges from 0.5 (no better than a coin flip) to 1 (perfect discrimination). One basic question is whether a new marker, such as PSA velocity, could improve the concordance index of an existing marker, such as PSA. This question was not addressed in the BLSA study.
Subsequently, however, my own group used data from the Malmo cohort to determine the added value of PSA velocity. We found that PSA predicted long-term risk of prostate cancer with a concordance index of 0.771. We then created a statistical model including both PSA and PSA velocity. Although PSA velocity was a statistically significant predictor of prostate cancer risk, it added nothing to the predictiveness of PSA, indeed, the concordance index of the combined model was identical to three decimal places [24] .
This story has played out repeatedly in the literature. A paper is published showing a statistical association between PSA velocity and outcome, often in a relatively limited number of cases, and the authors make strong claims with respect to the implications for clinical practice. A larger replication study is then reported that examines the clinical value of the PSA velocity and concludes that it is of no benefit. A summary of some of the most well-known studies is given in Table 1 . In general, the studies supporting prostate cancer velocity are based on clinical cohorts (i.e. men who happened to be treated at a particular hospital), with small numbers of events. Most critically, none examined the marginal value of PSA velocity, that is, whether it increased the predictive accuracy of standard predictors such as PSA, stage and grade. In contrast, the papers suggesting that PSA velocity is not helpful are typically based on randomized trials or prospective cohort studies with large numbers of events, and did address the specific question of whether PSA velocity increases predictiveness.
One particularly difficult clinical problem is management of men with elevated PSA after negative biopsy. Again, it would seem logical that PSA velocity would be predictive: if a man's PSA continued to rise after negative biopsy, this would lead to a much greater level of suspicion than if PSA was stable, or declined. But again, the data do not support this apparently common sense conclusion, with changes in PSA being a poor predictor of subsequent biopsy outcome. The concordance index of PSA velocity was 0.55, little better than a coin flip [25] . Nonetheless, as the risk of aggressive disease rises once PSA is above 10 ng/ml, it is reasonable to track the absolute level of PSA over time.
Conclusion
Changes in PSA -PSA velocity and doubling-time -can be difficult to calculate, with a large number of different methods proposed. There is a body of evidence confirming that the rate of PSA changes in locally recurrent and advanced prostate cancer has prognostic value for metastasis-free and cancer-specific survival. This suggests patients with advanced or relapsed disease who have rapid PSA doubling times should be offered earlier or more aggressive treatments, or entered into clinical trials of new agents. Conversely, there is good evidence that PSA velocity has no role for men with an untreated prostate; PSA velocity should not be used to recommend biopsy, determine eligibility for active surveillance versus curative treatment, or give prognosis as to the risk of post-treatment failure. This of course opens the question of how PSA should be used in men before curative treatment. With respect to prognosis, prognostic models have been proposed for endpoints such as biochemical recurrence [26] , survival after radical prostatectomy [27] or conservative management [28] and long-term risk of prostate cancer death for men considering prostate cancer screening [29] . These models generally incorporate information about absolute PSA level along with grade and stage.
Conversely, diagnosis of prostate cancer often involves a complex series of sequentially dependent decisions. Take the following four patients as illustrative examples: a patient with a history of prostate symptoms and a PSA that rises and falls; a patient whose first ever PSA is elevated and remains high on repeat testing after a few months; a patient treated with Finasteride for symptoms, whose PSA has risen steadily after an initial fall; a patient with a very dramatic jump in PSA and evidence of infection, whose PSA is sharply reduced after antibiotic therapy. Even if each of these four patients had the same current PSA, such as 5 ng/ml, our estimate of risk would vary widely. The patient with fluctuating PSA and prostate symptoms, for example, is surely at lower risk than the patient on Finasteride with a rising PSA, for whom prostate cancer must be seen as the most likely cause of PSA increases.
The data quite clearly demonstrate that there is no rationale for formal calculation of PSA velocity and application of simplistic thresholds, such as 0.35 ng/ml/year. However, this does not imply that PSA monitoring should be abandoned, or that clinicians should ignore PSA histories. An elevated PSA should prompt consideration of biopsy: whether a man should be recommended for biopsy depends on a number of factors, including clinical judgement, informed where appropriate by the course of PSA over time.
